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Edited by Felix WielandAbstract The hepatitis B virus L protein forms a dual topology
in the endoplasmic reticulum (ER) via a process involving
cotranslational membrane integration and subsequent posttrans-
lational translocation of its preS subdomain. Here, we show that
preS posttranslocation depends on the action of the ER chaperone
BiP. To modulate the in vivo BiP activity, we designed an ap-
proach based on overexpressing its positive and negative regula-
tors, ER-localized DnaJ-domain containing protein 4 (ERdj4)
and BiP-associated protein (BAP), respectively. The feasibility
of this approach was conﬁrmed by demonstrating that BAP,
but not ERdj4, destabilizes the L/BiP complex. Overexpressing
BAP or ERdj4 inhibits preS posttranslocation as does the reduc-
tion of ATP levels. These results hint to a new role of BiP in guid-
ing posttranslational polypeptide import into the mammalian ER.
 2008 Federation of European Biochemical Societies. Pub-
lished by Elsevier B.V. All rights reserved.
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Membrane protein insertion at the mammalian endoplasmic
reticulum (ER) occurs most commonly via the cotranslational
pathway and typically leads to a uniform topology for any gi-
ven polypeptide [1,2]. A remarkable exception of this rule is the
large L envelope protein of the hepatitis B virus (HBV), a poly-
topic membrane protein existing in a dual topology that is
established posttranslationally [3–6].
On biogenesis, L is cotranslationally integrated into the ER
membrane by the topogenic signals located in its C-terminal S
region [7]. Its hydrophilic N-terminal preS domain, 168 amino
acids in length, fails to be translocated and initially remains
cytosolic. During maturation, approximately half of the L
molecules posttranslationally translocate their preS domain
into the ER, thereby generating a mixed topology that is main-
tained in the secreted virion envelope [3–6]. This new mode of
topogenesis results in L multifunctionality, as its preS domain
orientated to the cytosolic (internal) location functions inAbbreviations: BAP, BiP-associated protein; ER, endoplasmic reticu-
lum; HA, hemagglutinin; Cnx, calnexin; HBV, hepatitis B virus;
ERdj4, ER-localized DnaJ-domain containing protein 4; PonA,
Ponasterone A
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doi:10.1016/j.febslet.2008.07.062nucleocapsid envelopment while the preS domain disposed to
the luminal site (external) mediates receptor binding [8,9].
The conformational and functional heterogeneity of L depends
on the action of cytosolic chaperones, such as the heat shock
proteins Hsc70 and Hsp40, which bind to the preS domain
in order to block its cotranslational translocation and to keep
it competent for posttranslational ER import [10].
Translocational regulation of L topology is further sug-
gested by the ﬁnding that its preS domain speciﬁcally interacts
with the ER luminal BiP chaperone [10,11]. BiP plays a role in
many functions of the ER, including gating the translocon [12],
assisting protein folding [13], targeting misfolded proteins for
proteasomal degradation [14], serving as a sensor for ER stress
[15], and contributing to ER calcium stores [16]. Remarkably,
in yeast, the BiP homologue Kar2p is essential for posttransla-
tional protein translocation across the ER membrane [17,18].
Most of these functions require the ATPase domain of BiP
that undergoes a reaction cycle comprised of ATP binding,
hydrolysis, and nucleotide exchange, which is regulated by
co-chaperones [19,20]. ER-localized DnaJ-domain containing
proteins (ERdjs), like ERdj4, stimulate the ATPase activity
of BiP, thereby stabilizing its ADP-state and thus the BiP–sub-
strate complex [21]. The BiP-associated protein (BAP) func-
tions as a nucleotide exchanger of BiP and promotes its
ATP-bound state that binds and releases the substrate rapidly
[22]. In this study, we examined the putative role of BiP in
guiding posttranslational preS translocation of L.2. Materials and methods
2.1. Plasmid construction
The expression vector pNI2.LoHA carries the HBV L gene with a C-
terminally tagged inﬂuenza virus hemagglutinin (HA) epitope under
the control of the human metallothionein IIA promoter. To avoid con-
comitant protein expression of the HBV M and S envelope genes, their
translational start codons are mutated in this construct (L only, Lo) [3].
Human BiP was obtained as a full-length cDNA clone from the Ger-
man Resource Center for Genome Research and cloned in p3xFLAG-
CMV-14 (Sigma). Vectors for human BAP and murine ERdj4 were
kindly provided by L. M. Hendershot (St. Jude Childrens Research
Hospital, Memphis, USA) [21,22] and inserted into p3xFLAG-
CMV-14. The bicistronic plasmids, encoding L plus BiP (BiP_LoHA),
L plus ERdj4 (ERdj4_LoHA), and L plus BAP (BAP_LoHA), were
created by cloning of the LoHA transcription cassette in the
p3xFLAG-CMV-14-speciﬁc backgrounds. Cloning details are avail-
able on request.
2.2. Cell culture, transfection, and lysis
For transient expression, human embryonal kidney HEK293-TT
cells [23] were transfected with Lipofectamine/PLUS (Invitrogen).
For ATP depletion, the EcR-LHA-293 cell line was used which stablyblished by Elsevier B.V. All rights reserved.
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promoter [24]. Routine cell lysis was performed by incubating the cells
with lysis buﬀer (100 mM Tris–HCl [pH 8.0], 100 mM NaCl, 10 mM
EDTA, 1% NP-40) for 15 min on ice followed by centrifugation at
10000 · g for 5 min at 4 C.
2.3. Antibodies
Commercial antibodies were as follows: anti-calnexin (Cnx) and
anti-protein disulﬁde isomerase antibodies (StressGen Biotechnolo-
gies), anti-FLAG and anti-b-actin antibodies (Sigma), anti-HA mouse
antibody (Covance), and anti-HA rat antibody (Roche). For BiP, two
diﬀerent mouse antibodies were used, referred to anti-KDEL (Stress-
Gen Biotechnologies) and anti-grp78 (Santa Cruz) antibody. Peroxi-
dase-labeled antibodies were obtained from Dianova, and
ﬂuorophor-labeled antibodies were purchased from Molecular Probes.
2.4. Immunoﬂuorescence microscopy
Cells grown on coverslips were ﬁxed and permeabilized with metha-
nol containing 2 mM EGTA for 10 min at 20 C. After blocking for
30 min in phosphate-buﬀered saline (PBS) containing 2% goat serum,
cells were incubated with primary antibodies for 1 h at 37 C, rinsed
with PBS, and then incubated with AlexaFluor-tagged secondary anti-
bodies for 1 h at 37 C. Following washing and mounting of the cells,
images were captured with an AxioCamHR digital camera on a Zeiss
Axiovert 200M ﬂuorescence microscope.
2.5. Coimmunoprecipitation
Coimmunoprecipitations were performed using superparamagnetic,
tosylactivated polystyrene Dynabeads M-280 (Invitrogen). For each
reaction, 20 ll beads were coated with 5 lg anti-BiP (KDEL) antibody
as instructed by the supplier. Cells were lysed on ice using 50 mM
HEPES, pH 7.5, 100 mM NaCl, 2% CHAPS, 20 mM N-ethylmalei-
mide plus protease inhibitor cocktail, and lysates were incubated with
the antibody-coated beads for 3 h at 4 C. After precipitation, beads
were washed twice with Tris-buﬀered saline/0.1% Triton X-100 and
boiled in 1· SDS sample buﬀer.
2.6. Trypsin protection assay
Microsomes were prepared from homogenized cells and subjected to
a trypsin protection assay as described [3]. Brieﬂy, microsomes were
proteolyzed with trypsin in the presence or absence of 0.5% Nonidet
P-40 (NP-40) for 60 min on ice. After inactivation of trypsin with apro-Fig. 1. Expression control of the bicistronic vectors. (A) HEK293-TT cells
(control). Lysates were analyzed by FLAG-speciﬁc immunoblotting to moni
and hybridized with anti-HA antibodies to visualize HA-tagged L (Bottom).
(Middle), and ERdj4_LoHA (Bottom) were immunostained with rat anti-
secondary AlexaFluor-conjugated antibodies, cells were analyzed by deconv
staining pattern of BiP, BAP, and ERdj4 is shown in green, and staining of c
the right with white color indicating colocalization.tinin, solubilized samples were subjected to SDS–PAGE and immuno-
blotting. For quantiﬁcation, scanned Western blots were evaluated by
using Kodak 1D Image Analysis Software.
2.7. ATP depletion and bioluminescence assay
EcR-LHA-293 cells were treated with 8 lmol Ponasterone A (PonA;
Invitrogen) for 4 h to induce L expression [24]. The inducer was
washed out, and cells were either harvested directly or after a chase
of 15 h. For ATP depletion, 5 mM deoxy-D-glucose and 5 mM sodium
azide were added to the chase medium. To measure ATP levels, cells
were suspended in culture medium supplemented with 0.75% Triton
X-100, diluted 1:1.5 in H2O, and analyzed in a luminometer with the
ATP bioluminescence assay kit HS II (Roche). Results are expressed
in bioluminescence relative light units, and controls were set at 100%
ATP.3. Results and discussion
3.1. Experimental design
To analyze whether the BiP/L-interaction is functionally rel-
evant, we sought to manipulate the substrate binding capacity
of BiP in vivo by overexpressing its co-chaperones BAP and
ERdj4. As a prerequisite of such an approach, L must be syn-
thesized together with the co-chaperones within one cell.
Therefore, we constructed two bicistronic vectors containing
the HA-tagged Lo gene and either the BAP- or ERdj4-speciﬁc
expression units in FLAG-tagged forms. A third construct,
encoding Lo together with FLAG-tagged BiP, was made to as-
sess whether an ectopic overexpression of BiP aﬀected L topol-
ogy.
To probe for protein expression, the constructs were trans-
fected into HEK293-TT cells, and lysates were subjected to
FLAG- and HA-speciﬁc immunoblotting. BiP, BAP, and
ERdj4 appeared in about 84, 56, and 29 kDa forms, respec-
tively, in accord with their calculated molecular masses and
modiﬁcations (Fig. 1A). The minor amounts of BiP-speciﬁc
lower molecular mass bands probably represent degradationwere transfected with the bicistronic vectors or empty plasmid DNA
tor expression of BiP, BAP, and ERdj4 (Top). The blots were stripped
(B) HEK293-TT cells transfected with BiP_LoHA (Top), BAP_LoHA
HA, mouse anti-Flag, and rabbit anti-calnexin. After staining with
olution ﬂuorescence microscopy. The signal of L is shown in red, the
alnexin (Cnx) is in blue. The overlays of the ﬂuorescences are shown in
Fig. 2. Ectopic expression of L or BiP does not aﬀect endogenous BiP
levels. (A) The eﬀect of L. HEK293-TT cells were transfected with
vectors encoding L either alone or in combination with BAP or ERdj4.
For controls, cells were either non-transfected or transfected with
empty plasmid DNA. Three days after transfection, lysates were
analyzed by BiP-speciﬁc immunoblotting using anti-grp78 (Top).
Identical gel loading is shown by reprobing the same blot with anti-b-
actin antibody (Bottom). (B) The eﬀect of BiP. HEK293-TT cells were
transfected with a control vector or vectors carrying the BiP gene alone
or together with L. Cell extracts were probed for endogenous BiP and
exogenous FLAG-tagged BiP by Western blotting with anti-grp78.
Numbers to the left of the panels show positions of molecular size
standards in kilodaltons.
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39 kDa non-glycosylated (p39) and a 42 kDa glycosylated
(gp42) form as a consequence of partial N-glycosylation in
its S domain [4–6]. Eﬃcient coexpression of L plus the chaper-
ones was conﬁrmed by immunoﬂuorescence analyses. Trans-
fected HEK293-TT cells were subjected to triple labeling
using anti-HA, anti-FLAG, and anti-Cnx antibodies. As ex-
pected, L as well as BiP, BAP, and ERdj4 revealed a perinu-
clear ER-like staining pattern and substantially colocalized
with the ER marker Cnx (Fig. 1B). Together, these results
demonstrate the functionality of the constructs as they direct
eﬃcient protein (co)expression without aﬀecting the proper
intracellular localization of the proteins.
For L, controversial data have been reported as to whether
or not its ectopic expression driven by a strong foreign pro-
moter induces ER stress through an activation of the BiP pro-
moter [25,26]. To control the feasibility of our approach, we
analyzed endogenous BiP levels in our experimental settings.
HEK293-TT cells were transfected with vectors carrying L
alone or in combination with either BAP or ERdj4 and lysates
were harvested three days posttransfection. BiP-speciﬁc immu-
noblotting of the lysates did not reveal any diﬀerences in the
amounts of BiP, irrespective of whether L was expressed or
not (Fig. 2A).
For BiP, its expression has been shown to be tightly regu-
lated at the translational level [27]. Therefore, we further on
controlled our experimental setup and investigated whether
the exogenous BiP expression aﬀected endogenous BiP expres-
sion levels or vice versa. HEK293-TT cells were transfected
with the bicistronic construct, the BiP construct or the empty
vector, and cell extracts were probed by BiP-speciﬁc immuno-
blotting. As shown in Fig. 2B, the BiP and BiP_LoHA
constructs clearly directed an eﬃcient expression of FLAG-
tagged BiP without grossly altering the endogenous BiP pool.
These data conﬁrmed that BiP could be transiently overpro-
duced in our system. In other systems, like e.g., stably transfec-
ted Chinese hamster ovary cells and human transitional
bladder carcinoma T24/83 cells, ectopic overexpression of
BiP has been also reported [28,29], while BiP expression is
tightly controlled in unstressed Hela cells [27]. One interpreta-
tion of these controversial ﬁndings might be that overexpres-
sion of BiP appears to be possible in certain cell types,
including HEK293-TT cells, when transcript levels are high en-
ough to bypass the translational control mechanism.
3.2. L/BiP complex formation is aﬀected by BAP but not by
ERdj4
Next, we assessed whether the overexpression of BAP or
ERdj4 had an eﬀect on L/BiP complex formation. Lysates of
transfected HEK293-TT cells were probed for identical L
expression levels (data not shown) and were immunoprecipi-
tated with anti-BiP antibodies. The immune complexes were
ﬁrst analyzed by BiP-speciﬁc Western blotting to control the
precipitation of BiP (Fig. 3). They were then examined by
HA-speciﬁc immunoblotting to detect coprecipitated L. In line
with previous results [10,11], a stable complex between L and
BiP could be easily detected (Fig. 3). As expected, overexpress-
ing ERdj4 that is known to stabilize BiP/substrate complexes
did not diminish the L/BiP association. In contrast, in the pres-
ence of high levels of BAP the amount of L coprecipitated with
BiP was strongly reduced. We took the BAP-induced destabi-
lization of the BiP/L complex as a ﬁrst hint for the eﬀectivenessof this co-chaperone-based strategy to interfere with BiP func-
tion in vivo. When BiP was ectopically overexpressed with L,
we could not observe an increase in complex formation, but
rather a slight reduction (Fig. 3). One likely interpretation
for this ﬁnding could be that excess BiP might sop up the anti-
bodies used for immune capture. As a further proof for the
functionality of the exogenously expressed co-chaperones, we
found that both BAP and ERdj4 eﬃciently bound to BiP. This
is shown by anti-FLAG immunoblotting of the BiP-speciﬁc
immune complexes (Fig. 3). Together, these results conﬁrmed
and extended previous reports demonstrating physical interac-
tions between BiP and L as well as between BiP and its co-
chaperones in live cells [10,21,22]. Moreover, as evidenced by
the BAP-induced destabilization of the BiP/L complex, our
data indicated that BAP regulates the activity of BiP in vivo.
Thus far, this feature of BAP has been solely deduced from
in vitro-experiments [22]. Finally, because BiP/substrate inter-
actions are generally weak and short-lived [19], the stable com-
plex between BiP and L might indicate a special function of the
chaperone in L biogenesis.
3.3. Modulation of the in vivo BiP activity by BAP and ERdj4
inhibits preS posttranslocation
To probe whether the in vivo manipulation of BiP had an
impact on the partial preS posttranslocation into the ER, tryp-
sin protection assays were performed. Previous studies have
shown that the preS domain of newly synthesized L chains is fully
sensitive to cleavage with trypsin, whereas it becomes increas-
ingly protected over time, yielding up to 50–60% resistant
Fig. 3. Eﬀects of BAP and ERdj4 on the BiP/L-interaction. HEK293-
TT cells were transfected with vectors containing HA-tagged L either
alone or in combination with BiP, BAP, or ERdj4. Lysates were
subjected to a BiP-speciﬁc immunoprecipitation using the anti-KDEL
antibody. The immune complexes were analyzed by BiP-speciﬁc
immunoblotting with anti-grp78 to monitor the precipitation of BiP
(Top). In parallel, complexes were subjected to HA-speciﬁc Western
blotting to detect coprecipitated L (Middle). The blot was stripped and
reprobed with FLAG-speciﬁc antibodies to score for coprecipitation of
BAP and ERdj4 (Bottom).
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(see also Fig. 5). Microsomes of transfected HEK293-TT cells
were prepared and either left untreated or treated with trypsin
in the absence or presence of detergent. In the wild-type situa-
tion, proteolysis with trypsin in the absence of detergent re-
sulted in about 50% protected L chains (Fig. 4). On
disruption of microsomes with detergent, trypsin completely
cleaved of the preS domain of L, thereby leading to the disap-
pearance of full-length L. A similar degree of protease protec-
tion of L in intact microsomes was observed in cells
overexpressing BiP. In contrast, upon overexpression of either
BAP or ERdj4, posttranslational preS translocation was signif-
icantly inhibited. For quantiﬁcation, assays were done in tripli-
cate and the amounts of L protected from proteolysis in intact
microsomes were calculated by comparing their intensities with
those of the mock-treated samples. As shown in Fig. 4, high lev-
els of either BAP or ERdj4, reduced preS posttranslocation by
about 50%. To demonstrate high level-synthesis of the
(co)chaperones, the same blot was reprobed with anti-FLAG
antibodies (Fig. 4). This analysis also conﬁrmed the polarity
and integrity of the microsomal membranes, as BiP, BAP and
ERdj4 were almost fully protected from proteolysis in the ab-
sence of detergent. Together, these results indicate that BiP is
a bona ﬁde regulator of L topogenesis and also reveal some
mechanistic insights of its action. Because BAP destabilizes
the L/BiP interaction, its inhibitory eﬀect is plausible. For
ERdj4, its stabilizing action of the L/BiP complex likelycounteracts with preS translocation because BiP is compro-
mised to sequentially associate with and dissociate from the
incoming L chains and hence in its pulling force.3.4. ATP-depletion inhibits preS posttranslocation
To further investigate the functional involvement of BiP in
preS posttranslocation, we performed ATP-depletion assays.
Because most functions of eukaryotic BiPs, including their ac-
tion as a molecular ratchet in posttranslational protein trans-
location in yeast, require the ATPase activity [17,18], we
reasoned that depletion of ATP would interfere with L topo-
genesis. The EcR-LHA-293 cell line with inducible L expres-
sion was used [24] and cells were stimulated with PonA. The
inducer was removed, and cells were harvested directly or after
a chase performed in the absence or presence of ATP-depleting
agents. As measured by luciferase-driven bioluminescence, the
agents lowered the intracellular ATP level by about 60%
(Fig. 5). Importantly, under these conditions, preS posttranslo-
cation was strongly inhibited. The integrity of microsomes in
ATP-depleted cells was proven by demonstrating that the
ER luminal protein disulﬁde isomerase protein was entirely
protected against trypsin, unless the microsomes were dis-
rupted by detergent (Fig. 5). Because the ATP-depletion
slightly decreased the degree of L synthesis and/or its cotrans-
lational membrane integration (Fig. 5, compare lanes 4 and 7),
quantiﬁcation determinations were performed. This analysis
revealed that 51% of L chains were protected in non-depleted
cells, whereas ATP-depletion yielded only 15% protection. The
ATP-requirement of preS posttranslocation adds further proof
that BiP, in conjunction with Hsc70, controls L maturation.
BiP is a master regulator of ER function and is responsible
for gating the translocon thereby controlling co- and post-
translational protein translocation into the ER [2,12,19,30].
Posttranslational protein translocation has been best studied
in yeast where it involves the heptameric Sec complex plus
cytosolic and luminal chaperones, like Hsc70 and BiP (Kar2p),
respectively [2,12,19,30]. This mode of translocation is likely to
be the same in higher eukaryotes but is used by a signiﬁcantly
smaller fraction of proteins in these organisms. Notably, this
pathway is utilized mostly by soluble proteins, such as secre-
tory proteins, and involves chaperone-assisted translocation
of fully synthesized precursor polypeptides into the ER [2,20,
and references therein]. Here, we report on a remarkable exten-
sion of this mechanism of translocation by demonstrating that
posttranslocation can be also exploited by a fully synthesized,
cotranslationally integrated membrane protein with the aid of
BiP. Accordingly, the HBV L protein appears to have evolved
a complex translocation strategy involving a switch from the
cotranslational to the posttranslational mode chaperoned by
BiP. After completion of cotranslational membrane insertion
of L, it probably remains associated with a yet undeﬁned ER
translocational channel that facilitates preS posttranslocation.
During this process, the incoming preS domains are entrapped
by BiP, as evidenced by the stable BiP/L (i.e., preS)-interaction
([10,11], and Fig. 2). Because both, the reduction of functional
BiP and intracellular ATP levels, inhibit preS posttransloca-
tion, BiP may not only trap but actively pull on the preS chains
by consecutive ATP hydrolysis cycles until L has reached its
ﬁnal stable dual topology. In this view, BiP may act in a
manner similar to its yeast homologue Kar2p that serves as
a trans-acting motor protein and provides the driving force
Fig. 4. Overexpression of BAP and ERdj4 inhibits preS posttranslocation. HEK293-TT cells were transfected with vectors containing HA-tagged L
either alone (lanes 1–3) or together with BiP (lanes 4–6), BAP (lanes 7–9) or ERdj4 (lanes 10–12). Microsomes were prepared and either left untreated
or digested with trypsin in the absence or presence of NP-40, and samples were analyzed by HA-speciﬁc immunoblotting (Top). The same blot was
reprobed with anti-FLAG antibodies to demonstrate the expression of the chaperones and the integrity of the microsomal vesicles (Middle). The
assays were done in triplicate, and the amounts of L chains protected from proteolysis were calculated by comparing their intensities with those of the
mock-treated samples. Quantiﬁcation determinations as expressed in percent amount of protected L chains ± S.D. are shown in the graph (Bottom).
Fig. 5. ATP-depletion inhibits preS posttranslocation. EcR-LHA-293
cells were induced with PonA and microsomes were prepared directly
(lanes 1–3) or after a chase performed in the absence (lanes 4–6) or
presence (lanes 7–9) of ATP-depleting drugs. ATP levels were
quantitated by luciferase-driven bioluminescence and microsomes
were subjected to trypsin protection assays (Top). The integrity of
microsomes was analyzed by staining the same blot with anti-PDI
antibodies (Bottom).
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[31]. Together these and our previous data [10] indicate that
translocational regulation of protein topology by chaperones
provides a means of generating structural and functional
diversity. Given that the chaperone-dependent formation of
the dual L topology is pivotal for the outcome of an HBV
infection [8,9], our results add further knowledge how viruses
abuse host chaperones for beneﬁt. Aside, this study also shows
that an interference with the in vivo function of BiP can be
achieved by overexpression of its positive and negative
co-chaperones.
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